Methods

Study Population
With approval from the University of Utah Institutional Review Board, we performed a retrospective chart review of all cases performed between May 12, 2014, and May 12, 2015 , by any of 5 neurosurgeons at our institution who were authorized to run overlapping surgeries. Patients younger than 10 years of age were excluded from this study, as were cases performed on weekends since they are essentially never performed in an overlapping fashion. "Emergent" cases were also excluded as these were almost exclusively nonoverlapping and had high rates of adverse events given the patient condition on presentation. In the rare instance in which an emergent case overlapped with an elective or urgent case, the elective or urgent case was also excluded from our analysis.
Data Collection
A comprehensive review of the medical record, including operative reports, inpatient progress notes, discharge summaries, and follow-up clinic notes, was conducted. Patient characteristics such as demographics, comorbidities, operative variables, postoperative course, and complications were recorded for each included case.
Demographic variables consisted of age, sex, race and/ or ethnicity, body mass index (BMI), and insurance type (private, Medicaid/self-pay, or Medicare). Assessed comorbidities included the American Society of Anesthesiologists (ASA) physical classification grade; active tobacco, alcohol, or illicit drug use; preoperative corticosteroid use; cardiovascular comorbidities (for example, atrial fibrillation, coronary artery disease); pulmonary comorbidities (for example, obstructive sleep apnea, asthma); hepatobiliary comorbidities (for example, cirrhosis, hepatitis); renal comorbidities (for example, chronic kidney disease); diabetes; and hypertension. Patients were also assessed for neurological comorbidities (for example, stroke, multiple sclerosis), but they were included only if the neurological condition was not the indication for surgical intervention. Finally, patients were assessed for oncological comorbidities (that is, the presence of active cancer or ongoing cancer treatment), but again these were only included if the oncological condition was not the indication for surgical intervention.
Operative variables consisted of surgery type (divided into 1 of 10 subcategories), the attending neurosurgeon (dichotomized based on postresidency practice > or < 20 years), the level of training of the resident or fellow assisting during the operation (dichotomized into "junior" and "senior" assistants, with the latter defined as postgraduate year 7 and above), the start time of the operation (defined based on the start of anesthesia), the duration of surgery (defined based on the start and end time of anesthesia), and intraoperative blood loss. The surgery scheduling category (elective vs urgent) was also recorded. Elective cases at our institution are defined as operations booked more than 24 hours prior to the start of the surgery, whereas urgent cases begin less than 24 hours after being added to the schedule but are not immediately life-threatening in nature. Postoperative course data included length of stay postsurgery and discharge destination.
Each case was dichotomized into overlapping or nonoverlapping, with overlapping defined as any case in which 2 patients under the care of a single lead surgeon were under anesthesia at the same time. For each surgery, the amount of time during which cases overlapped was recorded.
For this study, a complication was defined as any deviation from the expected intraoperative or postoperative course (Table 1) . 5 Complications were divided into intraoperative, postoperative, and those occurring within 30 days of discharge. Complications were graded in severity based on a modified Clavien-Dindo scale 8 as proposed by Landriel Ibañez et al. 13 for neurosurgical complications. Briefly, this classification has 4 categories: Grade I, complications that are not life-threatening and do not require invasive treatment; Grade II, events requiring invasive surgical, endoscopic, or endovascular interventions; Grade III, life-threatening events that require intensive care management; and Grade IV, complications resulting in death. For our analysis, Grade 0 signified no identified complications. In patients with multiple complications, the highestgrade complication was recorded.
Outcomes
Our primary outcome was the occurrence of any complication from the time of surgery to 30 days after discharge. Our secondary outcome was the occurrence of "serious complications" (Grade II or higher) during this same period. Particular attention was paid to the association between overlapping surgery and each outcome measure in our analysis.
Statistical Analysis
Continuous variables in all cases were analyzed using the Student t-test, whereas categorical variables were analyzed using chi-square analysis. Univariate analysis was first performed on the overlapping surgery variable to assess the differences between groups. We then performed a univariate analysis to determine what factors were associated with any complications during surgery, postoperatively, or in the first 30 days after discharge. Finally, we performed a univariate analysis to determine what factors were associated with life-threatening (Grade II or higher) complications during this period.
Variables with a p < 0.2 on univariate analysis were included in a forward, stepwise, multivariable regression model with an entry cutoff of 0.05 and a removal cutoff of 0.20. A separate model was constructed for both overall complications and serious complications. The overlapping variable was included in both multivariable models regardless of p. In all analyses, p < 0.05 was considered statistically significant. All statistical analysis was performed using SPSS version 20.0 (IBM Corp.).
Results
Of 1101 cases performed by the 5 neurosurgeons during the study period, 1018 (92.5%) met the criteria for inclusion. Forty-four cases were excluded because they were classified as emergent, 33 cases because they occurred on a weekend, 3 cases because the patients were younger than 10 years old at the time of surgery, and 3 cases because they were elective or urgent cases that overlapped with an emergent case.
Overlapping Versus Nonoverlapping Surgery Analysis
Demographically, patients undergoing overlapping surgery were similar in age (52.7 ± 17.0 vs 52.8 ± 16.1 years, p = 0.907), sex (50.3% vs 54.7% male, p = 0.163), rates of private insurance use (50.9% vs 57.6%, p = 0.068), and BMI (28.6 ± 7.1 vs 28.5 ± 6.3 kg/m 2 , p = 0.754) compared with those having nonoverlapping surgery ( Table 2) . White patients were more likely to undergo nonoverlapping operations (91.0% vs 86.5%, p = 0.006) than non-whites. In terms of comorbidities, patients in the 2 groups were similar except that overlapping surgery patients had a higher ASA grade (52.2% vs 44.9% with an ASA Grade III and 7.6% vs 5.7% with an ASA Grade IV or V, p = 0.012), a lower rate of alcohol use (29.7% vs 36.3%, p = 0.026), and a higher incidence of neurological comorbidities (18.5% vs 12.5%, p = 0.008).
Compared with patients having nonoverlapping surgeries, those undergoing overlapping surgery were significantly less likely to be undergoing spinal surgery (either instrumented or non-instrumented) and were more likely to be undergoing a craniotomy or transnasal approach for tumor resection (p < 0.001). Attending physicians with more than 20 years' postresidency experience were more likely to undertake overlapping cases than those with less experience (p < 0.001).
The average start time for overlapping cases was 37 minutes later than that for nonoverlapping cases (p = 0.002), although neither the duration of surgery nor the estimated blood loss differed significantly between the 2 groups. The average overlap time for overlapping cases was 197.5 ± 113.4 minutes (95% CI 187.34-207.73). Regardless of case overlap, patients spent similar periods in the hospital postoperatively, and the majority of patients in both groups were discharged to home.
There were no significant differences in intraoperative, postoperative, or 30-day complication rates when comparing the overlapping and nonoverlapping surgery groups.
Neither was the severity of complications significantly different between these 2 groups.
All Complications Analysis
Patients experiencing complications at any point during the intraoperative period, postoperative period, or within the first 30 days after discharge tended to be older (p = 0.016) and to have a lower BMI (p = 0.010) than those who did not have any complications. Moreover, patients with complications also had significantly higher ASA grades (p < 0.001) and were more likely to have had a craniotomy or transnasal approach for tumor resection, a bur hole craniotomy, an instrumented spinal procedure, or a craniotomy for a nonvascular or nonneoplastic pathology than a noninstrumented spinal procedure and shunt procedure (p < 0.001). Patients experiencing complications tended to have significantly longer operative times (p < 0.001) and to lose more blood during the case (p < 0.001). They were also more likely to have a prolonged stay postoperatively (p < 0.001) and to be discharged to a location other than home (p < 0.001). There was no significant difference in the incidence of overlapping surgery between patients with and without complications (46.1% vs 46.8%, p = 0.837).
In our multivariable model (Table 3) , surgery type remained significantly associated with the overall complication rate (p = 0.001), as did a longer operative time (OR 1.003, 95% CI 1.001-1.005, p = 0.001), higher intraoperative blood loss (OR 1.001, 95% CI 1.001-1.002, p < 0.001), and higher ASA grade (p < 0.001). Higher BMI was associated with a lower incidence of overall complications (OR 0.957, 95% CI 0.934-0.981, p < 0.001). We were particularly interested in the impact of overlapping surgery. In our multivariate model, overlapping surgery was not associated with the risk of complications (OR 0.810, 95% CI 0.592-1.109, 0.189).
To account for the range of overlap times between over- lapping surgeries, we ran a supplemental analysis using the overlapping percentage (overlap time divided by total surgery duration) in our multivariable model of overall complications in place of the overlapping surgery variable. This had no influence on the factors significantly associated with the overall complication rate.
Serious Complications Analysis
In our univariate analysis, patients experiencing serious complications had significantly higher ASA grades (p < 0.001) than those who did not and were more likely to have preexisting neurological comorbidities (p = 0.001; Table  2 ). Serious complications were more frequently seen after craniotomies and bur hole procedures than after other surgical categories (p < 0.001). Patients who had a prolonged operative time (p < 0.001) and those with higher intraoperative blood loss (p = 0.001) also had a higher rate of serious complications. Although patients with an increased period of overlap with another surgery had a higher incidence of serious complications (p = 0.033), this finding may be attributable to the longer overall operative time in these patients. Postoperatively, patients experiencing serious complications tended to have a significantly longer stay (p < 0.001) and were significantly less likely to be discharged home (p < 0.001). There was no significant difference in the incidence of overlapping surgery between patients with and without serious complications (52.2% vs 45.8%, p = 0.165).
In our multivariable model (Table 4 ), surgery type (p = 0.004) remained significantly associated with the likelihood of serious complications. A longer operative period (OR 1.003, 95% CI 1.002-1.005, p < 0.001), the presence of a preoperative neurological comorbidity (OR 1.629, 95% CI 1.009-2.629, p = 0.046), and a higher ASA grade (p < 0.002) were also risk factors for serious complications. Higher BMI was associated with a lower rate of serious complications (OR 0.969, 95% CI 0.940-0.998, p = 0.038). Once again, overlapping surgery was not associated with a higher rate of serious complications (OR 0.979, 95% CI 0.661-1.449, p = 0.915).
To account for the range of overlap times between overlapping surgeries, we ran a supplemental analysis using the overlapping percentage (overlap time divided by total surgery duration) in our multivariable model of serious complications in place of the overlapping surgery variable. This had no influence on the factors significantly associated with the serious complication rate.
Finally, we ran a similar analysis of factors associated with mortality (Grade IV complications) in our cohort. The only variables associated with mortality were a higher ASA grade (p = 0.001) and the presence of a preoperative oncological comorbidity (OR 12.033, 95% CI 3.007-48.152, p < 0.001). Overlapping surgery was not associated with mortality in this analysis (OR 0.427, 95% CI 0.118-1.536, p = 0.193).
Discussion
The use of overlapping surgery has recently become a contentious issue and will likely remain so as increased public awareness drives the topic into the realm of legislation. 20 The lack of data on the impact of overlapping surgery significantly hinders the ability of patients, physicians, and policy makers to reach informed conclusions. Our study marks the first analysis of the effects of overlapping surgery on complication rates. We found no associa- tion between overlapping surgery and rates of intraoperative, postoperative, and early postdischarge complications in our cohort. Furthermore, we found no significant association between overlapping surgery and life-threatening complications or mortality. Variables associated with overall complications and life-threatening complications included higher intraoperative blood loss and higher ASA grade, both of which are known independent predictors of adverse events. 7, 16, 17, 22 Although different surgery types, unsurprisingly, had varying complication rates, our multivariable model suggested that the dangers of these procedures are less likely to be associated with their overlapping with another operation and more likely to be associated with the nature of the surgeries themselves. For example, the increased complications noted for the transnasal approach are influenced by the readmission rate for delayed hyponatremia following pituitary surgery, which occurs in approximately 5% of patients undergoing pituitary tumor resection at our institution. Similarly, patients undergoing bur hole craniotomies frequently did so because they were deemed too unstable to undergo formal craniotomy, as evidenced by the fact that the average ASA grade for bur hole patients was significantly higher than for all other patients (3.14 vs 2.55, p < 0.001).
Overlapping surgery has played an important role in academic medicine for decades 1, 3 but only recently has it become a concern for the general public. Overlapping surgery is important in the training of future surgeons. The experience gained from a modicum of operative autonomy during training-autonomy that is earned through 100s of hours of intense interactions and meted out in a carefully graduated fashion-is crucial to producing safe physi-cians. Nearly half of the overlapping cases in our cohort were assisted either by residents in their 7th and final year of postgraduate education or by fellows who had already completed their neurosurgical residency. In contrast, fewer than 15% of overlapping cases in our cohort involved residents with any less than half a decade of postgraduate experience. The controlled operative autonomy that overlapping surgery can help to provide is invaluable to those who must one day become independent surgeons. The need to prepare the next generation of surgeons and the over-riding primary directive of the practitioner to ensure that the patient receives optimal care often appear in conflict with one another; 9 however, with proper discussion, disclosure, and mentorship, resident involvement has been shown to be both safe and acceptable to the public. 4, 6, 18 Fueling the need to train tomorrow's surgeons is the steadily worsening shortage of health care professionals nationwide. 10, 24, 25 This shortage may be especially acute in neurosurgery, with the majority of counties in the United States having no neurosurgeons in practice. Access to highly subspecialized care is even more difficult, with only 13.4% of neurosurgeons identifying as neuro-oncology specialists, 5.2% as cerebrovascular specialists, and 0.7% as skull base specialists. 12 These low percentages contribute to protracted wait times for access to care. 19 Of the 5 neurosurgeons in our cohort, all are highly subspecialized and may represent the only source of specialized neurosurgical care for hundreds of miles. Optimizing the use of both surgical expertise and medical facilities is essential to deliver efficient and high-quality care to patients. 3 While the 475 overlapping surgeries analyzed in this cohort make up only 10%-20% of the annual neurosurgical procedures performed at our institution, many of these surgeries are highly specialized in nature. The elimination of overlapping surgery would probably have an outsized impact on patient care, possibly leading to higher costs, increased delays from referral to treatment, and a greater proportion of operations starting after-hours. 3 Our study has several limitations. The retrospective nature of our analysis introduces a significant risk of confounding, although we attempted to control for as many variables as possible to ameliorate this risk. Any analysis of the association of complications to one particular variable is obscured by the difficulty in analyzing the root cause of the complication. By casting our net broadly and incorporating intraoperative, postoperative, and early postdischarge complications in our analysis, we may have included a large number of events that were unrelated to the practice of overlapping surgery. It is our hope, however, that by doing so we avoided missing significant adverse events. Although certain events such as wrong-site or wrong-side surgery may be more easily attributable to the distraction that can result from running multiple overlapping cases, the incidence of these complications is fortunately very low. Indeed, within our cohort, no wrong-site or wrong-side surgical errors occurred during the study period. The rarity of these complications makes studying them exceedingly difficult, and a dramatically larger cohort of patients would probably be needed to focus on any individual adverse event.
Perhaps the most significant limitation of our study is the restriction to a single center and a single subspecialty. Although we did not find any association with overlapping surgery and complications, it is impossible to broadly generalize our findings, nor do we advocate a laissez-faire approach to running multiple operating rooms. 15 The American College of Surgeons recently released new guidelines regarding the topic of overlapping surgery. 2 Its statement distinguishes between "overlapping surgery" and "concurrent surgery." The latter refers to operations in which "the critical or key components of the procedures for which the primary attending surgeon is responsible are occurring all or in part at the same time." 2 Overlapping surgery refers to a situation in which there is a clear staggering or separation of the critical components of ongoing surgeries. The guidelines highlight the importance of the surgeon's undivided attention during the critical portion of every procedure, stress the need for discussions with patients regarding the team that will be involved in their care, and emphasize the fact that the "overriding goal is the assurance of patient safety." At our institution, regardless of the training level of the assistant, we adhere strictly to the principle that the attending physician of record must be present and actively involved in any critical portion of the case and that he or she frequently remains so throughout the majority of the operation. In addition, specific criteria are in place to determine which attending physicians can perform overlapping surgeries: 1) The lead physician must be an associate professor or above in academic rank; 2) the lead physician must be board certified in neurosurgery; 3) the lead physician must have at least 5 years of experience within the University of Utah Department of Neurosurgery, regardless of prior practice and/or training; 4) the lead physician must be a subspecialist in the area of the overlapping cases; and 5) qualified assistants of the appropriate training level must be available in both rooms.
In addition to adhering to these restrictions, overlapping surgeries are carefully chosen with attention to multiple factors such as case complexity, schedules, patient characteristics, operating room staffing, and resident or fellow experience. During the study period, while conversations regarding the makeup of the operative team occurred routinely, the topic of overlapping surgery was not a formal part of our consent document. Pursuant to the goals of continuously improving care, we recently added this topic to our surgical consent forms and made discussions of overlapping surgery a standard part of the consent process.
Similar to other institutions, the view at our institution is that overlapping surgery should only be performed with such meticulous attention to detail and with full disclosure and discussion with the patient undergoing the procedure. 14, 21 It is likely that the minimal impact of overlapping surgery on complication rates in our study is attributable to the strict control of the practice within our department. On the other hand, we believe that a ban on overlapping surgery would certainly have a significantly deleterious effect on both resident education and the ability of surgeons to deliver vital care within a reasonable time. Our study shows that with judicious oversight and monitoring, the practice of overlapping surgery is not associated with higher complication rates or a higher incidence of lifethreatening adverse events.
Conclusions
In this single-center review of neurosurgical procedures performed by senior surgeons, we were unable to identify an association between overlapping surgery and overall complications or life-threatening complications including death. There remains a significant need for further inquiry into the subject of overlapping surgery and its impact on patient outcomes, preferably in the setting of a prospective, multicenter multispecialty study.
